1. Introduction {#sec1}
===============

To this day, the malaria parasite *Plasmodium* spp. remains a scourge particularly in less developed regions of the world. Of the five *Plasmodium* species that cause human malaria, *Plasmodium falciparum* (*Pf*), which is found predominantly in sub-Saharan Africa, was responsible for 50% of all malaria cases and 91% of the 446,000 deaths worldwide in 2016. The next most widespread is *P. vivax* (*Pv*), the dominant species in Latin America and Asia causing a milder form of malaria.^[@ref1]^ Other less problematic *Plasmodium* species are *P. ovale* (*Po*), *P. malariae* (*Pm*), and *P. knowlesi* (*Pk*), the latter much more common in nonhuman primates. Eliminating malaria throughout the world, as has been achieved in many nations, is considered an achievable goal that will incorporate multipronged strategies including the development of new medicines. Currently, the World Health Organization (WHO) recommends that artemisinin-based combination therapy (ACT) and vector control measures are key factors in relieving the burden of malaria.^[@ref2]^ However, recent reports of emerging resistance toward the ACT regimen^[@ref3]^ and other antimalarial drugs with known mechanisms of action^[@ref4]^ emphasize the need to expand the diversity of chemical matter acting against novel targets toward more efficacious drugs with multistage parasite life-cycle activity. In humans, the complex *Plasmodium* life-cycle encompasses a liver-stage infection wherein motile sporozoites differentiate and proliferate asexually to form merozoites and a blood-stage infection wherein the asexual merozoites replicate within red blood cells (through ring, trophozoite, and schizont substages), egress, and then reinfect red blood cells.^[@ref5]^*P. vivax* and *P. ovale* sporozoites can also enter a hypnozoite stage that can remain quiescent in the liver for months if not longer before differentiating eventually into merozoites.^[@ref6]^ A fraction of the merozoites in red blood cells differentiate and mature to female and male gametocytes that infect the mosquito after transmission from a bite.^[@ref7]^ In the mosquito, the gametocytes further differentiate and eventually fuse to form a zygote that further evolves to form sporozoites that get transmitted to people in a mosquito bite.^[@ref8]^ Notably, the expression of kinases and their importance to viability vary in the stages and substages of the life-cycle.^[@ref9]^

Kinases are key controllers of signal transduction pathways that regulate essential cellular processes such as growth, development, and reproduction in eukaryotic cells.^[@ref10],[@ref11]^ For this reason, human kinases are pursued as drug targets in a variety of diseases including cancers,^[@ref12]^ inflammatory,^[@ref13]^ and cardiovascular diseases.^[@ref14]^ Since the approval of Gleevec 16 years ago,^[@ref15]^ an additional 32 kinase inhibitors targeting the human kinome have been approved by the U.S. Food and Drug Administration (FDA) for clinical use.^[@ref15]^ Given the success in developing drugs targeting human kinases, *Plasmodium* kinases are attractive targets for next generation antimalarials^[@ref16]^ as both protein and lipid kinases are involved in key signaling pathways at various stages of the parasite life-cycle.^[@ref17]^ The *P. falciparum* kinome encodes 86 to 99 protein kinase genes^[@ref16]^ and a small set of lipid kinase genes. It is highly conserved between *Plasmodium* species and is much smaller than the human protein kinome of approximately 520 kinases.^[@ref18]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A shows the phylogenetic tree with a subset of the well-characterized protein kinases of *P. falciparum*.

![(A) Phylogenetic tree for a set of 38 well-characterized protein kinases in *P. falciparum*. The bootstrap tree was generated from 500 replicates using the neighbor-joining method on the full protein sequence with evolutionary distances computed using the Poisson correction method in the Mega7 software package.^[@ref19]^ Colored labels indicate kinases discussed in this Perspective. Lipid kinases PI3K and PI4K were not included in the analysis. (B) Crystal structure (PDB: 4RZ7) of *P. vivax* PKG with inhibitor illustrating key interaction in the ATP binding site. (C) Crystal structure (PDB: 4RZ7) of *P. vivax* PKG inhibitor (cyan) superimposed with dasatinib (purple) from the X-ray structure with activated ABL kinase (PDB: 2GQG). Both inhibitors access the "deep hydrophobic pocket" extending past the threonine gatekeeper residue.](jm-2018-003293_0001){#fig1}

A major challenge when targeting kinases is that inhibitors usually target the highly conserved adenosine triphosphate (ATP)-binding pocket of the enzyme ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), and therefore, target selectivity can be difficult to achieve.^[@ref20]^ Fortunately, the long independent evolution of the malaria parasite allowed the emergence of distinct features in the malarial kinome. These include kinases that clearly cluster within groups found in the human genome but that can be distinguished from their mammalian homologues ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). This would include *Plasmodium* kinases from given groups that contain characteristics of other families, such as *Pf*PK6 or *Pf*PK7, and composites between mitogen-activated protein kinase (MAPK) and cyclin dependent kinases (CDKs)^[@ref21]^ and cyclic adenosine monophosphate (cAMP)-dependent kinase (PKA) and mitogen-activated protein kinase (MEK), respectively.^[@ref22]^ This would also include kinases, such as CDPKs, that belong to a specific group but do not have a clear orthologue in mammalians and kinases that do not cluster within any of the established families, for example, Phe (F)--Ile (I)--Lys (K)--Lys (K) (FIKK). These important divergences can be exploited to synthesize compounds that selectively inhibit *Plasmodium* kinases over mammalian enzymes.^[@ref23]^

The path to delivering a new antimalarial based on inhibiting a *Plasmodium* kinase is a multistep process. First, kinase essentiality must be validated by determining the effect of disrupting function or diminishing expression in an organism on proliferation in culture or in the host. This has been achieved for the *Plasmodium* kinome through kinome-wide reverse genetics studies leading to the identification of 36 protein kinases that are essential (or likely essential) for completion of the erythrocytic cycle in *P. falciparum in vitro*([@ref20]) and of 12 protein kinases that are required for transmission of the rodent malaria parasite *P. berghei* (*Pb*) to the mosquito *in vivo.*([@ref24]) Phenotypic validation is a second level of validation defined as a chemical compound inhibiting a kinase target and also demonstrating an effect on the organism (most often cell kill). Target engagement studies need to be carried out to show that the phenotypic effect is due to binding to the intended kinase and not a different mode-of-action. The third level, *in vivo* validation, oftentimes denoted as *in vivo* proof-of-concept (POC), refers to the capability of a compound to create the intended pharmacodynamic (PD) effect in an animal model. For an antimalarial drug, this most often is the reduction of parasitaemia in a mouse model of infection. To show efficacy, the compound needs favorable *in vivo* pharmacokinetic (PK) properties for sufficient exposure in the blood to produce the intended PD response. Finally, as the key goal of drug discovery programs, clinical validation represents the fourth level with a drug molecule working effectively in malaria patients. To achieve clinical validation, the human PK must be favorable, whether it would be exposure in the blood for asexual stages of the malaria parasite or in the liver for liver stage disease. Importantly, sufficient safety for drug must also be demonstrated preclinically to justify human administration in the clinic and progression through Phases 1, 2, and 3. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} represents a summary of the protein and lipid kinases discussed in this Perspective and their respective levels of validation achieved.

###### Level of Validation Achieved for Plasmodium Targets Covered in This Perspective[a](#t1fn1){ref-type="table-fn"}

  *P. falciparum* protein kinase         genetic validation[b](#t1fn2){ref-type="table-fn"}   phenotypic validation[c](#t1fn3){ref-type="table-fn"}   *in vivo* efficacy                  clinical validation
  -------------------------------------- ---------------------------------------------------- ------------------------------------------------------- ----------------------------------- ---------------------
  CDPK1                                  √[d](#t1fn4){ref-type="table-fn"}                    √                                                       √                                    
  CDPK4                                  √                                                    √                                                       √[e](#t1fn5){ref-type="table-fn"}    
  PKG                                    √                                                    √                                                       √                                    
  PKA                                    √[e](#t1fn5){ref-type="table-fn"}                                                                                                                 
  MRK                                    √                                                    √                                                                                            
  GSK-3                                  √                                                    √                                                                                            
  NEK-1                                  √                                                    √                                                       √                                    
  FIKK8                                                                                       √                                                                                            
  PI3K[f](#t1fn6){ref-type="table-fn"}   √                                                    √                                                                                            
  PI4K                                   √                                                    √                                                       √                                   √

√ Indicates level of validation was achieved.

Genetic validation of kinases refers to where potential essentiality has been confirmed by knockout, chemical-genetic, or overexpression methods.

The fields are checked if an inhibitor of the kinase target also displayed whole cell activity recognizing that the activity may or may not be due solely to inhibition of the target.

There are conflicting data in the literature as to whether the target has been genetically validated.

Transmission-blocking was shown in an animal model.

DHA, implicated as a PI3K inhibitor, has other modes-of-action that are thought to be primarily responsible for antiplasmodium activity.

In this perspective, the emphasis has been placed on compound series and kinase targets that have a phenotypic level of validation and therefore *in vitro* antiplasmodial activity due to inhibition of an identified kinase target. Most interesting are those series that show POC in animal models of infection. Beyond animal models, there is a single example of a kinase target, *P. falciparum* phosphatidylinositol 4-kinase (PI4K), with inhibitor **37** (MMV048) that has progressed to human clinical trials.^[@ref25]^

2. Calmodulin-Dependent Kinases (CaMK) {#sec2}
======================================

The group of calmodulin-dependent kinases (CaMK) contains the family of calcium-dependent protein kinases (CDPK) that have seven identified members, as well as the sucrose nonfermenting (SNF1)/adenosine monophosphate (AMP)-activated kinase (AMPK) family and other closely related kinases.

2.1. Calcium-Dependent Protein Kinases (CDPKs) {#sec2.1}
----------------------------------------------

CDPKs, the main transducers of calcium signaling in *Plasmodia*, are unique to alveolates, plants, and some algae.^[@ref26]^ As they do not have human orthologues, it follows that selectivity relative to mammalian kinases would be more easily achieved. Structurally, CDPKs have a catalytic kinase region responsible for phosphorylation, as well as an autoregulatory sequence and so-called EF-hand motifs that are similar to the calcium-binding protein calmodulin.^[@ref27]^ Inhibitors of CDPK1 and CDPK4 have been progressed furthest in this family of kinases and will be discussed further. *Pf*CDPK2 has been shown to be nonessential for asexual proliferation but essential for the transition of microgametocytes into male gametes, a process known as exflaggelation, and mosquito infection.^[@ref28]^*Pf*CDPK3 is specifically expressed in the sexual erythrocytic stages,^[@ref29]^ and its *P. berghei* homologue has been shown to be required for ookinete gliding motility and invasion of the mosquito's midgut.^[@ref30]^*Pf*CDPK5 is required for parasite egress through microneme discharge.^[@ref31]^ However, hyperactivation of *P. falciparum* cyclic guanosine monophosphate (cGMP)-dependent protein kinase (*Pf*PKG) can overcome the block of egress caused by a *Pf*CDPK5 knock out. To our knowledge, there are no publications of medicinal chemistry programs that have targeted these kinases so far.

For several *Plasmodium* kinases, chemical genetics approaches have been used involving the mutation of the so-called gatekeeper residue located in the catalytic domain of the kinase. The catalytic domains of kinases have several conserved structural motifs that are common among most kinases. The hinge region connects the N-lobe and the C-lobe and is a frequent binding site for both ATP and kinase inhibitors ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).^[@ref32]^ The gatekeeper is the first amino acid residue of the hinge region. Depending on its size, a hydrophobic pocket becomes accessible for inhibitors. Mammalian kinases usually possess threonine and larger amino acids in this position. Shokat et al. developed a strategy to achieve selectivity for mammalian kinases that have a small gatekeeper residue by designing kinase inhibitors with a specific substitution termed the "bump",^[@ref33]^ a principle that has been applied to several *Plasmodium* kinases.^[@ref34]^ There are a number of protozoal kinases like *Pf*CDPK4 that possess an atypically small gatekeeper residue and therefore are accessible to inhibition by such bumped kinase inhibitors and offer the opportunity to design selectivity over mammalian kinases.^[@ref35]^ Subsequently, mutation of the gatekeeper in these kinases to a larger amino acid offers the opportunity to check whether the antiplasmodial activity is in fact mediated by inhibition of the targeted kinase.

### 2.1.1. *P. falciparum* Calcium-Dependent Protein Kinase 1 (*Pf*CDPK1) {#sec2.1.1}

*Pf*CDPK1 has been associated with parasite motility, host invasion by *P. falciparum*, microneme secretion, and gametogenesis.^[@ref36]−[@ref38]^ It is highly expressed in asexual blood and mosquito stages.^[@ref36]^ Previous studies hinted at the corresponding *cdpk1* gene being essential in *P. falciparum* in that it is refractory to gene disruption.^[@ref39]^ Other studies reported a decrease in parasitaemia due to reduced invasion following conditional knockdown^[@ref36]^ or no influence on asexual parasite development using a chemical genetics approach.^[@ref40]^ Recently, Bansal et al. were unable to create a knockout (KO) with a wild-type strain but were able to do so with a transgenic line containing a CDPK1 mutant (T145M).^[@ref38]^ The phenotype showed slow asexual proliferation compared to the wildtype indicating some degree of ambiguity around the essentiality of *Pf*CDPK1. Interestingly, the CDPK1 KO parasites are defective in the formation of male and female gametes and failed to establish infection in mosquitoes making *Pf*CDPK1 an interesting target for transmission blocking. Increased sensitivity of the CDPK1 KO parasites toward *Pf*PKG inhibitors compared to the wildtype indicated the presence of compensatory mechanisms in the transgenic parasites. Upregulation of kinases such as *Pf*CDPK5 and *Pf*CDPK6 that are downstream from *Pf*PKG has been shown previously for the CDPK1 mutant T145M.^[@ref41]^

Considerable work has led to the identification of *Pf*CDPK1 inhibitors with antiplasmodial activity. However, several disconnects between enzyme potency and antiplasmodial activity have been observed and suggest multiple or other targets responsible for the antiplasmodial activity. A high throughput screening (HTS) campaign against *Pf*CDPK1 found a broad array of hits including pyrazolopyrimidines, azabenzimidazoles, isoxazole amides, pyrazinones, and imidazopyridazines with the latter being progressed the farthest.^[@ref40],[@ref42]−[@ref45]^ The imidazopyridazine hits with 2-aminoethylpyridines on the left-hand side and phenyl amides on the right-hand side ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) suffered from high logD (D being the distribution coefficient determined as the ratio of concentrations for molecules partitioned between octanol and water at a given pH) values, low metabolic stability, and poor selectivity relative to a human kinase panel.^[@ref42]^ A homology model based on CDPK1 from *Toxoplasma gondii* (*Tg*) was created to optimize *Pf*CDPK1 inhibitory potency alongside optimizing absorption, distribution, metabolism, excretion, and toxicology (ADMET) and physicochemical properties. Inhibitors retained potency against *Pb*CDPK1 and *Pv*CDPK1. The pyridine on the left-hand-side contributed little to binding affinity and could be replaced by a basic amine that purportedly formed a salt bridge with a close-by glutamate and accounted for the improved potency against *Pf*CDPK1.^[@ref43]^ Compound **2** demonstrated a lower logD, improved metabolic stability in both mouse and human liver microsomes, and better selectivity against a human kinase panel. Ultimately, the work led to compound **4** that demonstrated efficacy in a *P. berghei* mouse infection model.

![Imidazopyridazine inhibitors of *Pf*CDPK1 and *Pf*PKG.](jm-2018-003293_0002){#fig2}

Toward validating the mode-of-action of the imidazopyridazines and dissecting a disconnect observed between *Pf*CDPK1 inhibitory potency and activity against the *Pf*3D7 strain, compounds were assessed in a synchronized parasite culture revealing two different classes of compounds (Class 1 and Class 2) with potentially different modes-of-action.^[@ref40]^ Compound **3** with a pyrimidine linker (Class 1) acted on a late schizont stage of the parasite life-cycle and showed high inhibitory potency against the alternative *Pf*PKG target. The best imidazopyridazine inhibitor showed an IC~50~ of 1.6 nM against *Pf*PKG, and the compounds of class 1 showed a very good correlation between *Pf*PKG and *Pf*3D7 activities. Mutating the gatekeeper residue of *Pf*PKG from threonine to glutamine (T618Q) led to a dramatic loss in inhibitory potency. Replacing wild-type PKG with the T618Q mutant in *Pf*3D7 correspondingly diminished antiparasitic activity. For class 2 compounds, e.g., **2**, *Pf*CDPK1 was excluded as the target due to it not being expressed in earlier stages of the parasite life-cycle where the compound was shown to operate. Pull-down experiments with a biotin modified inhibitor identified *P. falciparum* heat shock protein 90 (*Pf*HSP90) and *in silico* methods supported binding to its ATP pocket.^[@ref40]^

In another screening campaign against *Pf*CDPK1, Kato et al. identified 2,6,9-trisubstituted purines as inhibitors of *Pf*CDPK1 with IC~50~s extending down to the low nanomolar range.^[@ref39]^ The most potent compound, named purfalcamine **5** ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), displayed an IC~50~ value of 17 nM against *Pf*CDPK1 and an EC~50~ of 230 nM against *Pf*3D7. As with the imidazopyridazines, a disconnect between enzyme inhibition and antiplasmodial activity was observed. The authors used agarose-immobilized purfalcamine for affinity chromatography toward identifying the target from cell lysates, and *Pf*CDPK1 was the only protein with an ATP binding site that was specifically bound. However, the pulldown experiment could not exclude the possibility that purfalcamine binds to low-abundance proteins to account for the antiplasmodial activity. Nonetheless, in line with the CDPK1 mode-of-action, synchronized parasites treated with purfalcamine progressed through the life-cycle but were arrested at late schizogonic stage where the *Pfcdpk1* gene is transcribed.

![2,6,9-Trisubstituted purine inhibitor of *Pf*CDPK1, purfalcamine **5**.](jm-2018-003293_0003){#fig3}

Purfalcamine failed to show efficacy in mice infected with *P. yoelii* (*Py*) on dosing 10 mg/kg bid. The authors attributed this to the compound being more selective toward *Pf*CDPK1 relative to the orthologue of *P. yoelii* and to low exposure on oral dosing. This combined with improvement in antiplasmodial activity was deemed necessary for future analogue optimization work.

Lemercier et al. screened a 54,000 compound library against *Pf*CDPK1 to identify 70 compounds with submicromolar *K*~i~ values, the most potent being indolizine **6** and imidazopyridazine **7** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref46]^ Testing against a panel of 46 human kinases indicated high selectivity as **6** showed 75 and 54% inhibition at 10 μM only against stress-activated protein kinase-2 alpha (SAPK2α) and fibroblast growth factor receptor 1 (FGFR1), respectively, and **7** showed at least 89% inhibition at 10 μM only against CDK5/p25, Tropomyosin receptor kinase A (TrkA), FGFR1, Lyn, and ribosomal S6 kinase 1 (RSK1). Similar to previous studies, the activity of some compounds against *Pf*CDPK1 correlated well with antiplasmodial activity, while others did not. In the latter case, the low correlation was attributed to variable permeability.

![Indolizine **6** and imidazopyridazine **7** inhibitors of *Pf*CDPK1.](jm-2018-003293_0004){#fig4}

A *Pf*CDPK1 pharmacophore model developed around the imidazopyridazines^[@ref42]−[@ref44]^ for *in silico* screening identified a number of compounds predicted to have IC~50~ values below 100 nM.^[@ref47]^ Winnowing out compounds predicted to have unfavorable ADMET properties left 12 compounds with predicted IC~50~s between 15 and 60 nM.

It has been shown in several projects that CDPK1 has not been the efficacious target of the asexual stages despite compounds showing high potency against the enzyme. This relates to the ambiguity of *Pf*CDPK1 essentiality for asexual blood stage proliferation.^[@ref38]^ However, it was suggested that *Pf*CDPK1 might be a good target for transmission blocking agents.

### 2.1.2. *P. falciparum* Calcium-Dependent Protein Kinase 4 (*Pf*CDPK4) {#sec2.1.2}

Knockout experiments in *P. berghei* have shown the *Plasmodium* CDPK4 to be essential for exflaggelation^[@ref48]−[@ref50]^ and for sporozoite invasion of hepatocytes.^[@ref51]^ The target itself is not vital for the blood stage parasite proliferation, but inhibitors would be of value as part of an extended gametocyte transmission blocking regimen if the drug levels in the blood could be maintained for 3--4 weeks.^[@ref52]^ A strong correlation between *Pf*CDPK4 inhibition and suppression of exflaggelation was observed, and bumped kinase inhibitors of *Pf*CDPK4 were developed and shown to block transmission to mosquitoes.^[@ref53]^ Inhibitors of *Pf*CDPK4 were shown to be on target by the introduction of a S147M mutation at the gatekeeper residue of the target in *P. falciparum*, which diminished the suppression of exflaggelation.^[@ref53]^

A series of potent 4-amino-pyrazolopyrimidine inhibitors of *Tg*CDPK1 and *Cp*CDPK1^[@ref54],[@ref55]^ were found to also inhibit *Pf*CDPK4,^[@ref56],[@ref57]^ and more potent inhibitors were developed against *Pf*CDPK4, e.g., **8** and **9**. These compounds also blocked exflaggelation in *P. falciparum* ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) with EC~50~s of 35 and 47 nM, respectively.^[@ref53],[@ref56]^ Notably, **8** did not inhibit Src and Abl kinases at 20 μM, two off-target human kinases that also possess a smaller gatekeeper residue (threonine). Both compounds showed favorable PK in the mouse and were well tolerated in mouse feeding studies at 100 mg/kg bid dosing over 5 days.^[@ref53]^ Compound **8** was dosed intraperitoneal (*ip*) in *P. berghei* infected mice at 50 mg/kg resulting in suppression of exflaggelation for 0.5 to 14 h after administration.^[@ref56]^ When treating *P. berghei* gametocyte-infected mice with **8** at 10 mg/kg *ip* and allowing the *Anopheles* mosquitoes to feed, oocyst formation was completely blocked. Similarly, when *Anopheles* mosquitoes were fed with human blood infected with the *Pf*NF54 strain of *P. falciparum* containing 3 μM of either **8** or **9**, no sporozoite formation was observed when dissecting the salivary glands.^[@ref53],[@ref56]^

![Bumped kinase inhibitors **8** and **9**.](jm-2018-003293_0005){#fig5}

The initially derived *Tg*CDPK1 inhibitors based on the aminopyrazole-carboxamide (AC) scaffold^[@ref57]^ share pharmacophore features with the pyrazolopyrimidine series ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and were also tested against *Pf*CDPK4.^[@ref58]^ The AC series was about 10-fold less active than the pyrazolopyrimidine series but displayed improved selectivity over human Src kinase, improved margins over the human ether-a-go-go related gene (hERG) channel, and lower cytotoxicity against human liver (HepG2) and human lymphocyte (CRL-8155) cell lines.^[@ref58],[@ref59]^ Inhibition of exflaggelation was observed at 0.1 μM, concentrations lower than would have been expected from the enzyme IC~50~ values, suggesting inhibition of other targets. *Pf*CDPK1 and *Pf*PKG also possess small gatekeeper residues and modulate processes that occur prior to the step modulated by *Pf*CDPK4 and were, therefore, suggested as secondary targets.^[@ref59]^ One of the most potent compounds in both the enzyme and the exflaggelation assay was **10** ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) with an IC~50~ value of 37 nM against *Pf*CDPK4 and 89% inhibition of exflaggelation at 100 nM. Compound **11** showed better exposures on oral dosing in mice but fell short of achieving longer term blood levels deemed necessary for a transmission blocking agent.^[@ref58],[@ref59]^

![Aminopyrazole-carboxamide inhibitors of *Pf*CDPK4 and Trifluoperazine **12**.](jm-2018-003293_0006){#fig6}

The calmodulin (CaM) antagonist trifluoperazine **12** (TFP) was hypothesized to bind to the CaM-like domain of CDPKs rather than the ATP site and displayed a *K*~i~ of 150 μM against *Pf*CDPK4.^[@ref60]^ It showed an EC~50~ of 1.9 μM against *P. falciparumin vitro*([@ref61]) suggesting inhibition of other targets that might include other CDPKs.^[@ref60]^ To date, no further progress has been reported based on this compound.

3. AGC {#sec3}
======

The AGC group includes the cyclic adenosine monophosphate (cAMP)-dependent kinase (PKA), protein kinase B (PKB), and cGMP-dependent kinase (PKG). Evidence has been provided for all three of them to be essential for the asexual blood stages of *P. falciparum*.

3.1. *P. falciparum* cGMP-Dependent Protein Kinase (*Pf*PKG) {#sec3.1}
------------------------------------------------------------

*Pf*PKG is an essential cGMP-dependent protein kinase that targets at least 69 proteins either directly or indirectly through phosphorylation^[@ref62]^ and thereby influences multiple cellular activities in *Plasmodia* at various stages of the life-cycle. The essentiality of *Pf*PKG for blood stage replication in the human host was demonstrated by chemical genetics using an inhibitor-resistant *P. falciparum* transgenic line with a T618Q gatekeeper mutation.^[@ref63]^ Inhibition of *Pf*PKG led to a block of egress with mature schizonts that released noninvasive merozoites when mechanically ruptured.^[@ref62],[@ref64]−[@ref67]^ PKG is also involved in gametogenesis^[@ref68]^ and ookinete motility^[@ref69]^ in the mosquito stages by modulation of calcium signaling,^[@ref69]^ as well as in late liver stage development.^[@ref70]^*Pf*PKG also regulates calcium levels and can therefore act on calcium-dependent protein kinases like *Pf*CDPK5.^[@ref69]^

A series of potent imidazopyridine inhibitors of *Pf*PKG showed correspondingly potent activity against the asexual blood stage of *P. falciparum* and blocked gametocyte transmission to *Anopheles* mosquitoes.^[@ref63]^ The compounds were derived from PKG inhibitors of the Apicomplexan parasite, *Eimeria.*([@ref71]) The most potent compounds **14** and **13** had IC~50~s of 160 and 130 pM, respectively, against the wildtype enzyme ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), and 2 and 102 nM against the wildtype *Pf*3D7 strain. Binding to the hydrophobic pocket was demonstrated by markedly lower inhibitory potencies against the previously mentioned gatekeeper mutant T618Q enzyme and against the transgenic strain containing the mutant T618Q. A cocrystal structure obtained from *Pv*PKG and **14** (PDB: 5EZR) showed the fluorophenyl group reaching into the hydrophobic pocket that would be blocked by a larger gatekeeper residue of the mutant. Compound **14** showed good margins over cytotoxicity, moderate *in vitro* metabolic stability, and high selectivity against a panel of 80 human kinases. The killing dynamics of **14** in a parasite reduction ratio (PRR) assay with *P*. *falciparum* showed a 24 h lag phase to kill, consistent with *Pf*PKG inhibitors acting at the egress and invasion stage. Twice a day oral administration of **14** (100 mg/kg) over 4 days in *P. falciparum* infected NOD-*scid* gamma IL2Rγ^null^ (NSG) mice led to a reduction of parasitaemia below levels of detection. The intense dosing regimen, due in part to relatively rapid compound clearance, was thought to be required to maintain a high enough plasma concentration of the drug to cover the parasite life-cycle through schizont rupture and invasion. The transmission-blocking potential of **14** was demonstrated in a standard membrane feeding assay (SMFA) with mature *Pf*NF54 gametocytes with an IC~50~ of 41 nM. The SMFA uses a vial with blood covered by an artificial membrane mimicking skin upon which mosquitoes are allowed to feed. Determination of the number of oocysts in the mosquito's midgut relative to a control is a measure for transmission of the parasite from the host to the vector. It is thus used to predict the effectiveness of transmission blocking agents *in vivo*.^[@ref72]^

![Inhibitors of cGMP-dependent kinase (PKG).](jm-2018-003293_0007){#fig7}

A previously described 2,3-diaryl-pyrrole series showed similarities to the imidazopyridine analogues. It was also derived from a PKG inhibitor program in *Eimeria tenella* where several core heterocycles and substitution patterns were investigated and *in vivo* efficacy was shown.^[@ref73]^ One of these compounds, compound **15** ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), was further evaluated against *Plasmodia*.^[@ref74]^ Compound **15** showed an IC~50~ of 3.5 nM against recombinant *Pf*PKG, similar to the native strain. However, *in vitro* potency against the chloroquine-sensitive strain *Pf*NF54 and the chloroquine-resistant strain *Pf*Dd2 only showed IC~50~s of 0.49 and 1.3 μM, respectively. Subsequently, **15** did not clear parasites in a *P. berghei* mouse infection model, when treated *ip* with 50 mg/kg twice daily for 8 days.

Compound **15** has also been shown to reduce *P. berghei* sporozoite infection in a HepG2 cell culture in a dose-dependent manner.^[@ref75]^ Treatment with **15** at 2 μM decreased the number of liver stage parasites to below the detection limit. It inhibited host cell invasion with an IC~50~ of less than 1 μM *in vitro*. However, sporozoites lacking *Pb*PKG remained sensitive to compound **15**, indicating that it affected other targets in addition to *Pb*PKG. In a *P. yoelii* mouse model, which has higher sporozoite infectivity compared to *P. berghei*, a single dose of 50 mg/kg given *ip* before infection reduced the parasite burden in the liver by a factor of 1000. With three 50 mg/kg doses, the first dose given 15 min before infection and the second and third doses 6 and 12 h postinfection, all mice were free of blood stage parasites throughout the 3 week time course of the experiment. Compound **15** was also shown to inhibit gametogenesis in a dose-dependent manner^[@ref68]^ and to block egress.^[@ref67]^

The imidazopyridazine series described above as *Pf*CDPK1 inhibitors were shown to primarily target *Pf*PKG.^[@ref40]^ In lieu of what was observed for compound **15**, and if the series were assessed to have favorable pharmacokinetic properties, it would be interesting to determine whether the imidazopyridazines would show liver stage activity and transmission blocking potential.

3.2. *P. falciparum* cAMP-Dependent Protein Kinase (*Pf*PKA) {#sec3.2}
------------------------------------------------------------

*Pf*PKA comprises a regulatory and a catalytic subunit, wherein the former blocks the latter to maintain an inactive state. Allosteric binding of cAMP to the regulatory subunit triggers a conformational change that frees and thereby activates the catalytic subunit.^[@ref76]^*Pf*PKA is involved in a number of molecular mechanisms including merozoite egress, motility and red blood cell invasion,^[@ref77],[@ref78]^ schizogony,^[@ref78]^ and the progression from schizont to invasive merozoites.^[@ref79]^ During merozoite invasion, *Pf*PKA was found to be involved in microneme secretion of erythrocyte host recognition receptors.^[@ref80]^ Furthermore, *Pf*PKA was shown to be a key modulator of the cell cycle in the malaria parasite.^[@ref81]^ Gene disruption attempts in *P. berghei* were unsuccessful, suggesting that the *Plasmodium* PKA might be essential for parasite survival.^[@ref82]^ Overexpression of the *Pf*PKA regulatory subunit led to reduced PKA activity and reduced parasite growth.^[@ref83]^

An attempt to develop inhibitors against *Pf*PKA was made starting from the commercially available PKA inhibitor 3-methylisoquinoline-4-carbonitrile, previously used for investigations in mammalian systems. A homology model of the *Pf*PKA catalytic subunit was built based on the human crystal structure, and dynamic molecular modeling was used to identify strong binding ligands.^[@ref84]^ Synthesis of these ligands and testing against *Pf*3D7 and multidrug-resistant *Pf*W2 strain showed mid-micromolar activities. In further studies, it was revealed that these compounds have no effect on *Pf*PKA.^[@ref85]^ However, the compounds showed inhibition of parasite cytokinesis and erythrocyte invasion at 10 μM, suggesting that other targets were involved. To date, no potent and specific inhibitors against *Pf*PKA have been reported.

4. CMGC {#sec4}
=======

The most prominent group in the *P. falciparum* kinome, CMGC, includes the following families: the [c]{.ul}yclin dependent kinases (CDKs), the [m]{.ul}itogen-activated protein kinases (MAPKs), the [g]{.ul}lycogen synthase kinase 3 (GSK-3), and the [C]{.ul}DK-like kinase (CLK) as well as other close relative protein kinases.^[@ref16]−[@ref18],[@ref23],[@ref86]^ CDKs have been shown to play an essential role in the parasitic growth and development and therefore have received the most attention as targets to treat malaria.

4.1. *P. falciparum* MO15-Related Kinase (*Pf*MRK) {#sec4.1}
--------------------------------------------------

The *Pf*MRK protein, a member of the CDK family, was isolated and cloned in 1996 and has been suggested to play an essential role in DNA replication and transcriptional control.^[@ref20],[@ref87]^ Appropriate activation and deactivation of the enzyme at each stage guarantees cell progression in a sequential manner where a fully activated *Pf*MRK requires association with a cyclin subunit *Pf*CYC-1 and an effector protein *Pf*MAT1.^[@ref88]^ The structural differentiation within the ATP binding pocket between the parasitic and mammalian (CDK7) enzymes was exploited to identify specific and structurally diverse *Pf*MRK inhibitors as antiplasmodial chemotypes.

Compound **16** ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) was identified from a series of quinolinones and found to inhibit *Pf*MRK with an IC~50~ value of 18 μM.^[@ref89]^ A search in the Walter Reed Army Institute of Research (WRAIR) internal database identified **17**, an oxindole that inhibited *Pf*MRK (IC~50~ = 1.4 μM) and showed high selectivity relative to the mammalian CDK1 (IC~50~ = 29 μM). However, the compound displayed only moderate antiplasmodial activity against the sensitive D6 strain of *P. falciparum*, which was attributed to poor compound permeability.^[@ref90]^

![Quinolinone and oxindole-based inhibitors of *Pf*MRK.](jm-2018-003293_0008){#fig8}

In an attempt to identify novel and structurally diverse *Pf*MRK inhibitors from the WRAIR database, Waters and co-workers developed and validated a three-dimensional quantitative structure--activity relationship (3D-QSAR) pharmacophore model.^[@ref91]^ The most active compounds clustered around chalcone^[@ref92]^ and sulfonamide-based^[@ref93]^ molecules (**18** and **19**, respectively), which formed the basis of medicinal chemistry programs ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). The most potent *Pf*MRK inhibitors synthesized in these programs also displayed the highest antiplasmodial activity. However, selectivity was low relative to mammalian protein kinases with sulfonamide **19** showing a similar inhibitory potency against CDK7 (IC~50~ = 0.4 μM), a mammalian homologue of *Pf*MRK.

![Chalcone and sulfonamide-based and flavonoid inhibitors of *Pf*MRK.](jm-2018-003293_0009){#fig9}

Flavonoid natural products are biosynthetically produced from chalcone intermediates prompting Ayuko Akenga and co-workers to evaluate several antiplasmodial flavonoids extracted from the roots and stem bark of *Erythrina sp.* for inhibitory activity against the *Pf*MRK. As observed in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, compound **20** was a highly potent inhibitor, approximately 25-fold higher than **18**. Despite this higher inhibitory potency, the *in vitro* antiplasmodial activity was nearly equal to those of the chalcones, indicating either a mixed mode-of-action for the chalcones or diminished cellular permeability for the flavonoids.^[@ref94]^ Overall, a direct correlation between *Pf*MRK inhibitory potency and antiplasmodial activity has been difficult to establish, but essentiality of the kinase for the parasite has been previously demonstrated.^[@ref20]^

4.2. *P. falciparum* Glycogen Synthase Kinase 3 (*Pf*GSK-3) {#sec4.2}
-----------------------------------------------------------

The *Pf*GSK-3 enzyme was identified and cloned in 2004 and is one of three *P. falciparum* protein kinases related to the mammalian GSK-3.^[@ref95]^ The precise biological function of *Pf*GSK-3 has not yet been determined, though it has been demonstrated to be essential for the completion of the parasite asexual blood stage.^[@ref20],[@ref96]^ As GSK-3 is highly conserved in mammals, sufficient differentiation relative to *Pf*GSK-3 suggested that selectivity could be achieved with inhibitors. A HTS of a collection of structurally diverse compounds against recombinant *Pf*GSK-3 yielded inhibitors that shared two related heterocyclic scaffolds exemplified by compounds **21** and **22** ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). Screening of an additional nearest neighbor library of 427 compounds afforded **23** with an IC~50~ of 1.6 μM. From these three hits, analogues were synthesized to explore the SAR and increase inhibitory potency against *Pf*GSK-3 as well as selectivity over the mammalian GSK-3 orthologue. Importantly, antiplasmodial activity was seen for **24** (IC~50~ = 5.5 μM versus *Pf*NF54), which extended to other *Plasmodium* strains. When tested against two mammalian kinase panels (77 and 402 kinases from Dundee and DiscoverX, respectively), compound **24** inhibited only a few kinases thus demonstrating broad selectivity. Further optimization of this series is required to demonstrate *in vivo* activity.^[@ref96],[@ref97]^

![*Pf*GSK-3 inhibitors.](jm-2018-003293_0010){#fig10}

5. *P. falciparum* Never-In-Mitosis Gene A (P*f*NIMA/NEK) {#sec5}
=========================================================

NIMA (never in mitosis, gene A)-related kinases or NEKs are a family of serine/threonine kinases that are generally conserved across eukaryotes.^[@ref98]^ There are four representatives of the family in *Plasmodia* characterized by a shared protein kinase domain normally located at the N-terminus.^[@ref99]^ The NEKs play an important role in the life-cycle of the malaria parasite, specifically in mitosis and meiosis where they are associated with centrosomes, spindle poles, and other components of cell machinery involved during division.^[@ref98],[@ref100]^*Pf*NEK-1 and *Pf*NEK-2--4 are likely essential for the asexual and the sexual cycles, respectively.^[@ref20]^ Though the literature covers several programs targeting human NEK kinases, particularly NEK-2, there have not been reports of drug discovery efforts targeting any *Pf*NEK.

Two marine natural product compounds **25** and **26** demonstrated inhibition of *Pf*NEK-1 and activity against *P. falciparum* ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}); however, the antiplasmodial activity was not confirmed to be due to *Pf*NEK-1 inhibition.^[@ref101]−[@ref103]^ Compound **26** did show activity in a *P. berghei* NK65 mouse infection model (40% inhibition of parasitaemia at 5 mg/kg over 4 days of dosing), thereby achieving a measure of *in vivo* validation for the scaffold.^[@ref103]^ Higher doses were not tolerated by mice in the model, and better efficacy was not demonstrated. More recently, Mitcheson et al. identified a tool compound that inhibited a genetically modified isozyme of *Pf*NEK-2 (but not the wild-type isozyme) to interrogate enzyme function.^[@ref104]^ A recent comprehensive review of chemical starting points for human NEK kinase inhibition may offer an opportunity to cross-screen and identify *Pf*NEK inhibitors.^[@ref105]^ As the landscape now stands with little structural information, biological validation, and few chemical starting points, considerable work around *Plasmodium* NEK kinases is needed to expand upon the biological understanding of *Pf*NEK and to develop drug discovery programs.

![Chemical structures, enzyme, and whole cell activities of *Pf*NEK-1 inhibitors.](jm-2018-003293_0011){#fig11}

6. Phe (F)--Ile (I)--Lys (K)--Lys (K) (FIKK) {#sec6}
============================================

The FIKK kinase family, named after the 4-amino acid chain sequence Phe--Ile--Lys--Lys, is specifically found in the Apicomplexan phylum and is mostly expressed in the blood stage of the parasite life-cycle.^[@ref106]^ Though most malaria species contain a single FIKK kinase, *P. falciparum* contains 20 homologues, 18 of them predicted to be functional kinases making them interesting drug targets. Furthermore, their catalytic site contains a small gatekeeper residue, which allows for selectivity over mammalian kinases.^[@ref107]^ A few *Pf*FIKK homologues such as FIKK4.2,^[@ref108]^ FIKK7.1, and FIKK12^[@ref109]^ are implicated in red blood cell remodeling and altering erythrocytic membrane rigidity. Even though none of the three aforementioned kinases was found to be essential for parasite proliferation, little is known about the essentiality and the specific role of the other members of the FIKK family. Compound **27** ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, emodin) has shown *in vitro* activity against *P. falciparum* with an IC~50~ of 13 μM,^[@ref110]^ which was subsequently attributed to inhibition of *Pf*FIKK8 (2 μM), the most similar homologue of *Plasmodium* species.^[@ref111]^ Inhibition of *Pv*FIKK (1.9 μM) has also been demonstrated.^[@ref112]^ Otherwise, there has been a drug discovery project targeting *Cryptosporidium* FIKK, wherein the authors identified a naphthyridine-based low nanomolar inhibitor that, albeit, failed to show antiparasitic activity ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).^[@ref113]^ While several factors make the FIKK family attractive as drug targets in *Plasmodia*, considerably more work still needs to be conducted to better delineate the roles that FIKKs play within the parasite.

![Chemical structure of emodin and a *Cp*FIKK inhibitor.](jm-2018-003293_0012){#fig12}

7. Phosphoinositide Lipid Kinases (PIKs) {#sec7}
========================================

Phosphoinositide lipid kinases (PIKs) generate precise phosphorylated variants of phosphatidylinositols that are crucial for a diverse array of cellular functions including secondary messenger signaling, cellular membrane remodeling, and vesicular trafficking.^[@ref60],[@ref114]^ The two most widely studied classes of PIKs in *Plasmodium* species are phosphoinositide 3-kinase (PI3K) and phosphatidylinositol 4-kinase (PI4K), both demonstrated to be essential for the survival of the parasite.^[@ref115],[@ref116]^ PI3K inhibitors have seen relatively little exploration thus far, while PI4K inhibitors have generated considerable interest within the context of the advancement of antimalarial drug candidates.

7.1. Phosphoinositide 3-Kinases (PI3K) {#sec7.1}
--------------------------------------

Though only one PI3K enzyme is encoded in the *P. falciparum* genome and its essentiality has been demonstrated, there have not been literature reports on medicinal chemistry programs targeting this enzyme. Rather, tool compounds have been described including the mammalian pan-PI3K inhibitors **29** (wortmannin) and **30** (LY294002) ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). There are no reported IC~50~ values for wortmannin in standard *P. falciparum* proliferation assays attributed to its chemical instability, whereas **30** showed an IC~50~ of 26 μM against the parasite.^[@ref117]^

![Chemical structures of compounds known to inhibit *Pf*PI3K.](jm-2018-003293_0013){#fig13}

PI3K has recently been implicated as one of the targets of dihydroartemisinin (DHA), **31**, as evidenced by mutations to the regulatory ubiquitination protein *Pf*Kelch13^[@ref118]^ that were associated with clinical resistance.^[@ref119]^ The *Pf*Kelch13 mutations led to increased levels of PI3K by abrogating its role in ubiquitination and deactivation of the kinase. PI3K was shown to be essential for parasite growth, and levels of the lipid product phosphatidylinositol-3-phosphate (PI3P) in parasite tissue cultures dropped on treatment with DHA. A quantitative inhibition assay with purified *Pf*PI3K has been derived wherein DHA demonstrated potent (low nanomolar) inhibition. A *Pf*PI3K homology model was also derived from the structure of the class III PI3-kinase from Drosophila (PDB code: 2X6F) and the active site of the human class III PI3K (PDB code 3IHY).^[@ref119]^ There is, therefore, considerable interest in developing other scaffolds as antimalarials operating by PI3K inhibition.

7.2. Phosphatidylinositol 4-Kinases (PI4K) {#sec7.2}
------------------------------------------

Significant progress in the discovery of compounds inhibiting PI4K in *Plasmodium* species with two key classes being reported in the literature. A group led by the Genomics Institute of the Novartis Research Foundation (GNF) and the Novartis Institute for Tropical Diseases (NITD) identified antiplasmodial activity for a series of imidazopyridines/pyrazines/pyridazines.^[@ref115],[@ref120]^ Compound **32** ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}) was identified by phenotypic screening against the *P. falciparum* blood stage parasite. The compound had moderate *P. falciparum* activity but was inactive against *P. yoelii* and *P. cynomolgi*. Initial SAR around the 6- and the 3-positions identified compound **33** (KAI407), which significantly improved *P. falciparum* activity and brought in both *P. yoelii* and *P. cynomolgi* activity. Compound **33** suffered from poor physicochemical properties and thus modification of the core to an imidazopyrazine reduced lipophilicity leading to compound **34** (KDU691). Compound **34** showed improved physicochemical properties and *in vitro* activity across *Plasmodium* species, particularly *P. cynomolgi*.

![Imidazopyridine/pyrazine compounds as *Pf*PI4K inhibitors.](jm-2018-003293_0014){#fig14}

That the imidazopyridines/imidazopyrazines were active against clinically resistant isolates of all classes of antimalarials suggested a novel mode-of-action. The compounds were active *in vitro* against liver stage development of the rodent parasite, *P. yoelii*, and against *in vitro* cultured liver-resident hypnozoites of *P. cynomolgi*, indicating potential as a radical cure for *P. vivax* infection and associated malaria relapse. Activity was also demonstrated against *P. vivax* field isolates. Compounds showed potential for transmission blocking activity in a gametocyte enriched *in vitro* assay and in a SMFA. Hence, activity was demonstrated across multiple stages of the parasite life-cycle. PI4K was identified as the target of the series by selection for resistant mutants to **33** and **35** (KAI715) with alterations seen in the single gene, *pfpi4k*. Full length *Pv*PI4K was expressed, and protein was isolated for assay development wherein **34** exhibited an IC~50~ of 1.5 nM.

A *Pf*PI4K homology model was generated through which it was suggested that the imidazopyridines are accommodated in the ATP-binding pocket ([Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}). Compounds **33** and **34** displayed remarkable selectivity over human lipid kinases as well as a selection of human protein kinases. Compound **34** displayed favorable oral pharmacokinetics at 20 mg/kg, prevented colonization of mice with *P. berghei* with prophylactic dosing, and cured an existing infection in a dose-dependent manner.

![Homology model of *Pf*PI4K with compound **33** (KAI407), illustrating a key interaction in the ATP binding site (Eyermann, unpublished).](jm-2018-003293_0015){#fig15}

A second class of PI4K inhibitor, the aminopyridine/pyrazine class of compounds ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}), was identified at the University of Cape Town (UCT) Drug Discovery and Development Centre (H3D) in collaboration with the Medicines for Malaria Venture (MMV). The initial hits originated from a HTS campaign on a commercial SoftFocus kinase library conducted at the Eskitis Institute, Griffiths University in Brisbane (Australia).^[@ref121]^

![Aminopyridine/pyrazine compounds as *Pf*PI4K inhibitors.](jm-2018-003293_0016){#fig16}

The screen identified compound **36**, which has a *para*-sulfonyl phenyl substituent on the aminopyridine 5-position and showed promising activity against *Pf*NF54 ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}). Replacement of the metabolically labile 3-methoxy-4-hydroxy substituent led to **37** (MMV048), a compound with high activity against drug sensitive and drug resistant *Plasmodium* strains and favorable ADMET and PK properties. Spontaneous resistant mutants to **37** were generated in *P. falciparum* culture, and whole genome sequencing implicated PI4K as the target. Inhibition of PI4K was also supported via pull-down experiments and confirmed against the *Pv*PI4K with an IC~50~ of 3.4 nM.^[@ref25]^ The compound showed impressive selectivity over human lipid kinases, and the series showed a close correlation between enzyme inhibitory potency and whole cell activity. The speed of kill of the compound was relatively slow as assessed in the *in vitro* PRR and stage specificity assays but moderate *in vivo*. Transmission-blocking potential was also evaluated wherein **37** showed antigametocyte activity *in vitro* and *in vivo* in a SFMA, supporting potential utility for blocking parasite transmission to the mosquito. The central pyridine core of **37** was replaced with a pyrazine (compound **38**) leading to improved *in vitro* antiplasmodial activity.^[@ref122]^ Replacing the sulfone of **38** with a piperazine amide led to **39** (UCT943), a compound with improved solubility as well as higher antiplasmodial activity.^[@ref123]^ All four compounds proved highly efficacious in *in vivo* models of *Plasmodium* infections, e.g., **37** showing an ED~90~ of 0.8 mg/kg in a *P*. *berghei* mouse model of infection.

Compound **37** was profiled extensively *in vitro* and *in vivo*, showing activity across a panel of drug-resistant clinical isolates and therefore a low risk for pre-existing cross-resistance. *In vivo*, the compound was active in the *P*. *berghei* model as described above but was also evaluated in a humanized NSG mouse model that supports infection by *P. falciparum*, where it similarly exhibited potent activity with an ED~90~ of 0.57 mg/kg. The compound showed prophylactic activity preventing infection in a *P. cynomolgi* infected macaque model (2 mg/kg prior to infection). The PK of compound **37** in mice, rats, dogs, and monkeys was characterized by low plasma clearance, moderate to high volume of distribution, and a moderate to long half-life. From this data, a single dose of 80 to 100 mg was estimated to be efficacious in humans. Compound **37** has progressed through preclinical development and Phase 1 clinical trials. During Phase 1, the compound was also evaluated in a volunteer controlled human infection model (CHIM) wherein favorable activity led to its progression to Phase 2a clinical trials.^[@ref124]^ Hence, **37** may become the first directed *Plasmodium* kinase inhibitor to have registered a clinical proof-of-concept.

PI4K inhibitors with antiplasmodial activity have been derived by phenotypic screening and subsequent identification of the target. As the *Plasmodium* PI4K has emerged as an important target for drug design, it follows that rational inhibitor design would be pursued. Indeed, a *Pf*PI4K homology model and compound **37** were used to create a pharmacophore-based model to perform a computational screen, identifying virtual hits as starting points that were hypothesized to inhibit *Pf*PI4K.^[@ref125]^

8. Summary {#sec8}
==========

One of the most persuasive reasons to target *Plasmodium* kinases for the treatment of malaria is that selectivity relative to problematic human kinases can be achieved and, therefore, less likely to cause kinase-mediated safety issues in humans. Additionally, it can be anticipated that host-directed antimalarial therapies will be developed including those that inhibit human protein kinases.^[@ref126]^ For example, inhibition of erythrocyte sik tyrosine kinase by the oncology agent imatinib was perhaps responsible for preventing *P. falciparum* egress,^[@ref127]^ and silencing of Protein Kinase C zeta (PKCζ) led to marked reduction of *P. berghei* infection in human Huh7 hepatoma cells.^[@ref128]^ There would be the added value with such mechanisms-of-action toward circumventing the development of drug resistance.^[@ref129]^ Hence, the playbook that has led to upward of 32 small molecule kinase inhibiting therapeutics approved by the FDA can be applied in the parasitology arena.^[@ref15],[@ref130]^ Knowledge on the essentiality, stage specificity, and mechanism of kinase function in *Plasmodia* can help triage targets that would be worthwhile pursuing for medicinal chemistry optimization programs. While blood-stage activity is a requirement to treat malaria, transmission-blocking potential is thought to be important toward malaria elimination in the community, and essential targets showing dual-activity can be considered of high value. Comparative gene sequence analyses and homology modeling/structure determination can be used to understand inhibitor binding to targets and mitigate binding to unwanted (most often human kinase) targets. Cross-screening against human kinases has become routine in *Plasmodium* kinase programs just as cross-screening across human kinase panels are carried out to achieve selectivity for inhibitors directed at a specific human kinase. Conversely, collections of human kinase inhibitors are valuable to screen against *Plasmodium* kinases toward obtaining hits that can eventually be optimized for higher *Plasmodium* and lower human kinase potencies. Alternatively, considerable success has been achieved by screening libraries of human kinase inhibitors phenotypically against *Plasmodium* followed by subsequent determination of their mode-of-action.

In fact, it is this latter approach that led to **37** (MMV048), the only *Plasmodium* kinase inhibiting compound to have achieved a measure of clinical validation. However, expectations are high that other *Plasmodium* targets already known will yield new classes of antimalarial drugs both in terms of chemical scaffold and mode-of-action. At least eight kinase targets delineated herein have led to phenotypic levels of validation, albeit sometimes it might not be clear that the *Plasmodium* kill is due to the originally targeted kinase. Notwithstanding the inability to always directly link kinase inhibition to the mode-of-action responsible for parasite kill, the work around protein and lipid kinases to date point to an impressive synergy created between fundamental research into the *Plasmodium* kinome and applied drug discovery research. A number of kinases that are likely to be essential have not been targeted in medicinal chemistry programs yet and certainly offer potential for the development of future antimalarials.^[@ref20]^
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